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Toll-like receptors (TLRs) activate a complimentary set of defense responses that protect cells during
microbial infection. In the recent issue of Immunity, Xu et al. (2007) elucidate a molecular pathway
that connects TLR4-mediated innate immune signaling to autophagy, a process of cytoplasmic
sequestration and subsequent recycling or degradation.The first line of defense in animal in-
nate immunity is provided by Toll-like
receptors (TLRs) that directly or indi-
rectly recognize a diverse array of
pathogen-associated molecular pat-
terns (PAMPs) (Trinchieri and Sher,
2007). There are several TLR family
members, including TLR4 that specifi-
cally recognizes a Gram-negative bac-
terial cell wall constituent, lipopoly-
saccharide (LPS). Upon pathogen
recognition, TLRs activate a multilay-
ered defense mechanism, including
the inflammatory response, which re-
cruits cells to the area of infection to
eliminate pathogens. Directly down-
stream of the TLRs are a family of TIR
adaptor proteins which couple patho-
gen recognition events to subsequent
signaling cascades (O’Neill and
Bowie, 2007). The utilization of differ-
ent TIR adapters allows activation of
specific subsets of responses to fine-
tune immunity. While all other TLRs
use only one set of TIR adaptor dimers,
TLR4 requires two different dimer sets
to effectively activate the immune re-
sponse. In their recent publication, Xu
et al. (2007), propose that one set of
TIR adapters is needed for autophagy
activation.
Autophagy is rapidly emerging as an
additional important component of in-
nate immunity (Deretic, 2006). Autoph-
agy uses de novo synthesis of double
membrane structures called autopha-
gosomes to encapsulate cytoplasmic
constituents before fusing with lyso-
somes to recycle or degrade seques-
tered material (Levine and Klionsky,
2004). Historically, electron micro-
scopy has consistently revealed the
encapsulation of pathogens into auto-phagosomes during infection (Smith
and de Harven, 1978). Given its role
in sequestration and degradation,
many have speculated that autophagy
plays a prosurvival role to eliminate
pathogens or toxic by-products from
infected cells. Underlining the impor-
tance of autophagy in defense re-
sponses is the finding that some
microbes have evolved mechanisms
to impede autophagy (Kirkegaard
et al., 2004).
One question pending is why cells
utilize both TLR and autophagy path-
ways to control pathogen invasion.
Are these pathways synergistic, or is
autophagy needed to eradicate patho-
gens that are not recognized by TLR
immune receptors? Two lines of evi-
dence support the first hypothesis.
First, autophagy may be required for
TLR7-mediated recognition of RNA vi-
ruses (Lee et al., 2007). Additionally,
LPS also increases autophagosomes
and autophagy-mediated cell death
of infected macrophages (Xu et al.,
2006). Thus, although a connection
between TLR-mediated innate immu-
nity and autophagy was evident, the
exact mechanism remained obscure.
In their recent publication, Xu and
coworkers provide the first compelling
evidence that demonstrates the direct
molecular connection between these
two pathways (Xu et al., 2007). Using
GFP-LC3, an autophagosomal mar-
ker, and transmission electron micro-
scopy, Xu and colleagues observed
a dramatic increase in both the fre-
quency and number of autophago-
somes in LPS-treated human and
murine macrophages, although cell
viability is not affected. Not surpris-Cell Host & Microbeingly, inhibition of autophagy pre-
vented LPS-induced accumulation of
autophagosomes. The authors used
a dominant-negative allele of TLR4, in
addition to tlr4 deficient macrophages,
and siRNA-mediated TLR4 knock-
downs to clearly demonstrate the
requirement of this receptor for LPS-
triggered autophagy induction. Clev-
erly, the authors used the well-defined
molecular pathway downstream of
TLR4 signaling to begin to understand
how and why autophagy has been in-
tegrated into this pathway. In addition
to the requirement of MAPK p38 in
LPS-induced autophagy, arguably
the most fascinating finding of this
study relates to the role of TIR
adapters. TLR4 uses different sets of
TIR adapters that are all required to ac-
complish complete resistance (O’Neill
and Bowie, 2007). The MyD88-depen-
dent pathway (using TIR adapters
MyD88 and MAL) activates the more
familiar immune responses while the
role for the MyD88-independent path-
way (TIR adapters TRAM and TRIF)
is not well understood. Surprisingly,
the authors demonstrate that LPS-
induced autophagy activation re-
quires the MyD88-independent path-
way but not the MyD88-dependent
pathway.
Since autophagosomes accumulate
much slower than expected for a rapid
immune response (8–16 hr post-LPS
treatment), the role of autophagy in
innate immunity was puzzling. Since
the MyD88-dependent pathway is re-
quired for pathogen internalization via
phagocytosis (Blander andMedzhitov,
2006), Xu et al. speculate that the
MyD88-independentpathway activates2, August 2007 ª2007 Elsevier Inc. 69
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phagosome-containing pathogens
with lytic autophagosomes (Figure 1).
As a proof of principle, the authors
use Mycobacterium tuberculosis, a
bacterium that enters phagosomes
and blocks autophagic maturation
and subsequent encapsulation (Kirke-
gaard et al., 2004), but does not signal70 Cell Host & Microbe 2, August 2007 ª2via TLRs. The authors demonstrate
that LPS inoculation causes the auto-
phagic encapsulation of these infected
phagosomes. Since autophagy would
be required to destroy phagocytosed
pathogens, the delayed accumulation
of autophagosomes may reflect the
temporal regulation required toachieve
complete immunity.007 Elsevier Inc.The discovery that autophagy has
been incorporated into the TLR4 path-
way is intriguing, yet there are still
many questions that remain unan-
swered. Does autophagy-mediated
encapsulation lead to pathogen elimi-
nation? Do other TLRs that utilize
TRIF as an adaptor also activate au-
tophagy? Finally, how do these auto-
phagosomes specifically recognize
phagosomes? Undoubtedly, the con-
tinued understanding of how TLRs
and autophagy coordinate the immune
response will have important thera-
peutic implications.REFERENCES
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Immunity 27, 135–144.Figure 1. TLR4 Activates Both Phagocytosis and Autophagy to Eliminate Intracellular
Pathogens
In this model, TLR4 induces the activation of two independent TIR adaptor pathways. TheMyD88-
dependent arm leads to the rapid phagocytosis of invading bacteria. TheMyD88-independent arm
activates the formation of autophagosomes that specifically encapsulate infected phagosomes
before fusing with lysosomes. This leads to the effective removal of the sequestered pathogen
after fusion with lytic vesicles.
